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Birefringence controlled room-temperature picosecond spin dynamics close to the threshold of vertical-cavity surface-emitting laser devices We analyze the spin-induced circular polarization dynamics at the threshold of vertical-cavity surface-emitting lasers at room-temperature using a hybrid excitation combining electrically pumping without spin preference and spin-polarized optical injection. After a short pulse of spin-polarized excitation, fast oscillations of the circular polarization degree ͑CPD͒ are observed within the relaxation oscillations. A theoretical investigation of this behavior on the basis of a rate equation model shows that these fast oscillations of CPD could be suppressed by means of a reduction of the birefringence of the laser cavity. © 2010 American Institute of Physics. ͓doi:10.1063/1.3515855͔
The study of spin-controlled optoelectronic devices has been a field of very active research over the last decade. Most studies concentrate on light emitting diodes ͑LEDs͒ with spin injection. [1] [2] [3] [4] [5] Though polarization degrees up to 32% have been reported at room-temperature for spin-LEDs, 6 such values are too low for practical applications in communication technology. In addition, the LED dynamics is generally too slow to allow modulation at the high speed needed for data communication. In contrast, spincontrolled vertical-cavity surface-emitting lasers ͑VCSELs͒ can potentially be modulated at high speed and incorporate an intrinsic mechanism for the amplification of spin information due to their nonlinearity at threshold. 7, 8 The implementation of first electrically pumped spin-VCSELs, 9 ,10 though only operated at low temperatures, demonstrates that spinVCSELs have enormous potential to become realistic spinoptoelectronic devices. However, conventional electrically pumped VCSELs are known to show complex polarization dynamics, including a predetermination for linearly polarized emission and irregular polarization switching behavior due to cavity anisotropies such as birefringence and dichroism. [11] [12] [13] [14] [15] These cavity anisotropies can possibly suppress the desired spin control effects, making spin-VCSELs potentially useless. In a recent letter, we studied the time-integrated polarization degree of commercial electrically pumped VCSELs and showed that even dominantly electrically pumped devices can show spin dynamics with additional spin-polarized optical excitation. 16 In this letter we present a time-resolved analysis of the complex polarization dynamics of spinpolarized VCSELs close to threshold and discuss ultrafast modulation scenarios in future spin-VCSELs. 17, 18 Since no electrically pumped room-temperature spin-VCSEL device is available yet, we chose a hybrid excitation scheme. The device under study is a commercial electrically pumped GaAs-QW VCSEL ͑Emcore, Albuquerque, NM, USA, type 8085-2010͒, Albuquerque, NM, USA, with an emission wavelength of 830 nm at room-temperature. In addition to standard electrical pumping we use circularly polarized ͑circ. pol.͒ light pulses from a Ti:sapphire laser to inject spin-polarized carriers into the active region. The modelocked Ti:sapphire laser emits laser pulses at 770 nm with a pulse width of 80 fs and a repetition rate of 75.5 MHz. After propagating through a single mode fiber, installed for reasons of flexibility and beam shaping, 16 the laser pulses are broadened to approximately 3 ps. The polarization state of the excitation can be controlled by using a pair of retardation plates. The Ti:sapphire optical excitation is incident on the VCSEL surface at a angle of less than 0.4°to the normal, small enough such that the optical selection rules for excitation normal to the plane of a GaAs quantum well are still valid. 19 The VCSEL emission is analyzed polarization-and time-resolved by a polarization analyzer based on a Stokes polarimeter followed by a streak camera system with 2 ps time resolution. A schematic of the corresponding experimental setup is shown in Fig. 1 and further details can be found in Ref. 16 . All experiments were performed at roomtemperature and without any external magnetic fields. While the electrical excitation introduces a statistical mixture of spin-up and spin-down electrons with an average spin polarization of zero in the active region of the device, the circularly polarized optical excitation introduces spinpolarized electrons due to the optical selection rules. 19 To observe spin-induced dynamics of the VCSEL emission, we operate the VCSEL with electrical excitation in the vicinity of the electrical threshold ͑95%-105% of the threshold 20 and about 150 mW ͑photon density of 6.8ϫ 10 15 / cm 2 per pulse͒ of additional circularly polarized optical excitation. Figure 2 shows the dynamics of the total intensity ͑solid lines͒ and the calculated time-resolved circular polarization degree ͑dashed lines͒ under left ͑top͒ and right ͑bottom͒ circularly polarized excitation. The intensity dynamics exhibits a first pulse of 150 ps width. After about 900 ps, a weak second pulse appears and indicates the onset of relaxation oscillations. The nonzero background is due to spontaneous emission below lasing threshold. The dynamics of the circular polarization degree ͑CPD͒ differs considerably from the intensity dynamics: It exhibits a fast oscillation on a time scale shorter than 100 ps which corresponds to an oscillation frequency higher than 10 GHz within the first intensity peak. The peak CPD values reach about 10%. The first peak of the CPD is determined by the handedness of the excitation polarization: with a left circularly polarized optical excitation the first peak of the CPD is negative, i.e., the output emission is also left circularly polarized. After approximately 50 ps the CPD flips to a positive peak, the output emission is right circularly polarized. In contrast, the first peak of the CPD with right circularly polarized optical excitation is positive and changes its sign 50 ps later. In both cases, the dynamics of the output CPD lasts only during the first intensity pulse. This time-resolved analysis shows that our experimental procedure controls the polarization of the VCSEL output by the spin-polarized excitation as concluded earlier from time-integrated measurements. 16 The frequency of oscillations does not depend on excitation conditions within the experimental accuracy. Accordingly, emission of only one circular polarization as it may be desired for applications cannot be easily achieved with the control parameters available in the present setup ͑see below͒.
To understand the underlying mechanisms for this behavior we perform numerical calculations based on a spin flip model developed by San Miguel et al. 13, 21 It describes the dynamics of the complex amplitudes E Ϯ of both circularly polarized optical modes with the corresponding intensities I Ϯ = ͉E Ϯ ͉ 2 , of the normalized carrier density N, and of the polarization imbalance m z between the two spin subbands in a coupled rate equation system,
Ϯ are pump terms for the spin up ͑right circ. pol.͒ and down ͑left circ. pol.͒ carrier reservoirs consisting of a background cw term describing the electrical excitation and a time dependent part describing the optical excitation, ␣ is the linewidth enhancement factor, ␤ is the spontaneous emission factor, Ϯ is the noise source, is the cavity decay rate, ␥ is the carrier density decay rate, m z is the carrier spin magnetization with the decay rate ␥ s due to the spin flip processes, ␥ p is the linear birefringence, and ␥ a is the linear dichroism. This model allows the analysis of the interplay between CPD dynamics, carrier densities, and spin-polarized excitation under the conditions of our experiment. The following parameters for the calculations are taken from earlier work on similar VCSEL devices 11 and were adapted to the present model:
␥ a = 1.6 GHz, = 300 ns −1 , ␣ =2, ␤ =10 −6 . Figure 3 shows the results of our calculations. In all cases, the spin unpolarized excitation is 105% of the threshold and the spin-polarized excitation ͓a Gaussian pulse with a pulse duration of 3 ps, a peak power of 13.3 times the threshold and a CPD of +0.5 ͑right circ. pol.͒, which is the typical value of optical pumping in GaAs-QWs͔ is then injected at 0 ps. In Fig. 3 ͑top͒, we use the parameters given above. The experimentally observed dynamics of output intensity and CPD are very well reproduced. Just as in the experiment a strong CPD oscillation is found within the first intensity pulse. This CPD oscillation reaches a peak-value of 0.8, damps out in the tail of the first intensity pulse, and is hence not present in the second intensity pulse. The observed dynamics is a consequence of the interplay of the spin dynamics with birefringence in the laser cavity, which couples the circular polarization components of different helicity and hence leads to an oscillation between them. This transition occurs because the spin populations are depleted in an aniso- tropic way and this anisotropy feeds back into the dynamics due to birefringence. These effects were observed before only indirectly in the noise spectrum of linearly polarized states 14, 18, 22 and in the transient of a polarization switching between linearly polarized states. 15 Here we demonstrate them directly as large amplitude oscillations between circularly polarized states.
The switching rate is usually given by the linear birefringence and small corrections due to nonlinear spin effects. 23, 24 Both our experimental and theoretical observations show that the CPD oscillation frequency has a negligible dependence on the exact pumping conditions, i.e., the contributions due to nonlinear spin effects are very small in our case. The direct connection between linear birefringence and oscillation frequency provides a possibility to reduce the oscillation, in order to get purely circularly polarized emission by tuning the birefringence. Reducing the birefringence in the device should potentially result in pure spin oscillation free emission of the spin-polarized VCSEL. To prove this, we have varied the birefringence in the numerical model. In Fig.  3 ͑middle and bottom͒ we show the intensity and CPD dynamics with the same parameters as in Fig. 3 ͑top͒ except for the birefringence being reduced to ␥ p =3 GHz ͑middle͒ and ␥ p = 0.1 GHz ͑bottom͒. Obviously, with lower ␥ p the frequency of the CPD oscillation is lower and less peaks of CPD occur inside the first intensity pulse. With ␥ p = 0.1 GHz, the first intensity pulse is only right circularly polarized, as intended. The CPD peak-value above 0.3 could be increased with a spin-polarized excitation that is higher relative to the unpolarized electrical injection. The calculations with slightly varying either spin-polarized ͑peak power from 10 to 20 times the threshold͒ or unpolarized ͑cw power from 98% to 107% of the threshold͒ excitation show similar scenarios: the CPD dynamics appears only inside the first intensity pulse and is strongly suppressed inside the following pulse. The frequency of the CPD oscillations does not change significantly upon these variations of the pumping conditions.
In conclusion, we have analyzed the polarization dynamics of electrically pumped VCSELs with additional optically induced spin injection. The dynamics was investigated experimentally and theoretically on a picosecond time scale. The circular polarization dynamics can be significantly faster than the intensity dynamics depending on the birefringence in the cavity. We observed fast oscillations of the circular polarization degree at a frequency higher than 10 GHz. Theoretical simulations demonstrate that the experimentally observed dynamics is a consequence of the interplay of the spin dynamics with birefringence, which couples the circular polarization components of different helicity and hence leads to a switching between them. By tuning the birefringence, e.g., by applying additional strain to the laser device, 24 the oscillations can be reduced to a single circularly polarized pulse emission, controlled by the spin orientation of a small amount of injected carrier spins. For future electronically pumped spin-VCSELS 9 our findings imply that the birefringence in the devices has to be even more carefully controlled than in conventional VCSELS in order to fully benefit from the high potential of spin-induced dynamics.
